Abstract. The aggregation of proteins in fibrillar form is a problem of critical importance in a wide range of abnormal disease states. To decipher the molecular mechanism of formation of protein fibrillar aggregates we have chosen to study as model SH3 domains that exhibit different abilities to polymerize into amyloid fibrils. While being not related to any known disease, the SH3 domain of the p85α subunit of phosphatidylinositol 3 kinase has been found to form amyloid fibrils in vitro under acidic conditions, meanwhile, we have found that the spectrin SH3-domain, sharing the same fold and some sequential identity keeps its native conformation under the same conditions. The use of spectroscopic methods to study these properties is illustrated in the present job, and correlated to direct sample observation by electron microscopy.
Introduction
Amyloidoses are a group of protein misfolding diseases that are characterised by the polymerisation of normally innocuous and soluble proteins or peptides into insoluble proteinaceous deposits. Among these diseases, we can point out the transmissible spongiform encephalopathies, Alzheimer's disease and type II diabetes [1] . The proteins responsible for these diseases do not share structural or sequential identities [2] . In spite of this diversity, all amyloid fibrils display similar features that can be checked by different spectroscopic methods: (1) they are long, straight and unbranched fibrils with a diameter between 40-120 Å; (2) they bind to dyes such Congo Red and thioflavin-T, and (3) X-ray fibril diffraction and circular dichroism (CD) studies have indicated that they all exhibit a cross-β structure. In the last few years, proteins unrelated to any known human disease have been found to convert in vitro into higher order structures that also present a cross-β conformation and fulfill all spectroscopic characteristics of amyloid fibrils [3] [4] [5] . This has suggested that the ability to form amyloids might be a general property of proteins. One way to test for this hypothesis is to analyse proteins evolutionary related with similar structures and low sequence homology. We choose two different SH3 domains. SH3 domains are all β-sheet proteins domains of around 60 aa involved in protein-protein interaction [6] . The SH3 domain of the p85α subunit of phosphatidylinositol 3 kinase has been found to form amyloid fibrils in vitro under acidic conditions [4] . In contrast to PI3-SH3, we have found, that the related α-spectrin-SH3 (SPC-SH3), which has the same fold and certain sequence identity with PI3-SH3, does not form amyloid fibrils under the same conditions [7] . By protein engineering methods we have also studied structural/sequential features responsible for their different ability to polimerize into fibrils [7] . Here we illustrate in more detail the different spectroscopic techniques used to explore such differential behaviour.
Materials and methods

Fibril preparation
Native protein samples were prepared in buffer N (50 mM sodium phosphate pH 7.0). Samples at pH 2.0 were obtained either by a pH jump from pH 7.0 or by dyalisis against buffer F (20 mM glycine buffer). Fibril samples were obtained by incubating protein at 10 mg/ml in buffer F at room temperature or at 4 • C for several hours to several days.
Circular dichroism
Circular dichroism (CD) spectra in the far-UV region was obtained by using a jasco 710 spectropolarimeter at 20 • C. Spectra were recorded for native proteins (10 µM) at pH 7.0 and for proteins after incubation at pH 2.0 for several days. Twenty accumulations were averaged to obtain each spectrum.
Thioflavin-T binding and staining assays
Samples (5 µl) at 10 mg/ml in buffer F were diluted in reaction buffer (10 mM sodium phosphate/ 150 mM NaCl) containing 65 µM thioflavin-T (1 ml). Samples were taken into and out of the pippete to facilitate the disruption of large aggregates and fluorescence data were collected after 5 min to ensure thermal equilibrium. Fluorescence excitation spectrum was recorded with emission intensity collected at 482 nm. For thioflavin-T staining, aliquots of protein at 10 mg/ml in buffer F were air dried and stained with 0.5% thioflavin-T; the stained samples were viewed under UV light in a fluorescent microscope.
Congo Red binding
Samples were tested for amyloid-specific Congo Red binding by the spectroscopic band-shift assay described by Klunk [8] . Aliquots of 10 mg/ml protein were diluted in reaction solution (5 mM sodium phosphate/150 mM NaCl pH 7.0) containing 5 µM Congo Red and absorption spectra were collected together with negative control solutions of dye in absence of protein and of protein samples in the absence of dye, subtracting the absorption of the dye and the scattering contribution from the samples spectra.
Electron microscopy
Protein samples at 10 mg/ml in buffer F were diluted 20 times in the same buffer and 5 µl placed on a carbon-coated copper grid, and allowed to stand 2 min. The grid was washed with distilled water and the sample stained with 2% uranyl acetate for another 2 min. The samples were then evaluated in a Hitachi transmission electron microscope operating at an accelerating voltage of 75 kV.
Results
Formation of amyloid fibrils is often a slow process in competition with amorphous aggregation [2] . Several spectroscopic techniques can be used distinguish between β-sheet aggregation and fibril formation combined with direct observation of the fibrils by electron microscopy (EM). In many cases both Fig. 1 . CD spectra of SH3 domains in the far UV at pH 7.0 (filled symbols) and pH 2.0 (empty symbols) at 25
• C. SPC-SH3 domain (squares) and PI3-SH3 (circles).
fibril and aggregation phenomena are slow and concentration dependent [9] . We used different spectroscopic approaches to follow the conformational changes over time of both PI3-SH3 and SPC-SH3 proteins and EM to find out if these changes were the result of aggregation or fibril formation.
When PI3-SH3 is incubated at 10 mg/ml concentration and 25 • C under acidic conditions (pH 2.0) a translucent gel is formed in the lapse of hours. On the other hand, under the same conditions, SPC-SH3 keeps in transparent solution even after several months. To monitor any conformational change responsible of this process we spectroscopically characterised the proteins at neutral pH (pH 7.0), where both proteins remain in its native state, and under the acidic conditions that promote polymerization.
The CD spectra of both PI3-SPC and SPC-SH3 domains at pH 7.0 (native state) is very characteristic and mainly determined by the aromatic contribution of the triptophans that depends on tertiary [10] environment (Fig. 1) .
After two weeks of incubation at acidic pH we acquired the far-UV CD spectra of the two proteins. PI3-SH3 displayed CD spectra typical of β sheet structure as revealed by the single negative band at 215-220 nm. The shape of the spectrum does not change with pH for SPC-SH3, even if the band intensity is lower, as expected if the protein is still folded and keeps soluble at pH 2.0 (Fig. 1) .
Thioflavin-T is an amyloid azo-free diagnostic dye that by an unknown mechanism specifically interacts with the crossed-β-pleated sheet structure common to a variety of amyloid fibrils. This property allows, in principle, the ThT assay to distinguish highly ordered amyloid structures from amorphous precipitates, which light scattering, a commonly employed method to evaluate amyloid formation, cannot. The binding of this dye to ordered, crossed β-sheet aggregates results in dramatic fluorescence emission [11] [12] [13] . Addition of thioflavin-T (Th-T) to PI3-SH3 and SPC-SH3 domains (Fig. 2) , incubated for 15 days at acidic pH resulted in the following: PI3 increases by 5-fold in the emission at 482 nm. This change in fluorescence is consistent with PI3 having and amyloid structure, and was proportional to protein concentration on the assay. No apparent change in the emission spectrum was detected when thioflavin-T was added to the SPC-SH3 domain, in concordance with the CD spectra (Fig. 2) . We further investigated the amyloid like properties of the SH3 domains by measuring the binding to another amyloid diagnostic dye [8] , Congo Red, which also binds to all amyloids due to their betapleated fibrillar structure. Congo Red is suggested to bind to amyloid protein through a combination of both hydrophobic and electrostatic interactions. The need for specific interaction makes single-molecule Congo Red binding rather unusual as general amyloid protein ligand. The structural feature of Congo Red, which enables specific and common interaction with amyloid proteins, probably derives from the ribbon-like self-assembled form of the dye [14] [15] [16] [17] . Congo Red alone exhibits an absorbance maximum at 490 nm that increase and shifts to red once it binds to amyloid material [8] . PI3-SH3 promotes the expected changes in absorbance spectra while no variations on the spectra are recorded for SPC-SH3. The changes can be better quantified by obtaining the difference spectra between the dye alone and when incubated with the protein. After correction shows a maximum change at 540 nm, similar to AB amyloid peptide [8] and other prion proteins while no such effect was observed for SPC-SH3 (Fig. 3) .
While binding of both thioflavin-T and Congo Red to amyloid structures can be evaluated under the microscope due to the change of their fluorescence and emission properties, we preferred spectroscopic assay in solution, since microscopic techniques have several disadvantages that limit their utility in evaluating amyloidogenesis. Microscopic methods use samples that have been dried, introducing large increases in substrate concentrations during this process. Consequently sample preparation can contribute to the amount of observed amyloid, compromising the quantitative evaluation.
To test if the different spectroscopic properties of both molecules are really related to their aggregation conformation, solutions of proteins incubated for longer than two weeks at acidic pH were analysed by Electron Microscopy. Results are shown in Fig. 4 . No depositions, or particles, were detected for spectrin SH3 domain in accordance with the above-mentioned results. Numerous fibrils displaying the typical amyloid morphology were observed in PI3-SH3 samples, showing that in the case of SH3-domains their spectroscopic properties are predictive of their conformation at acidic pH.
Conclusions
Spectroscopic techniques have been used to test the fibril formation ability of two SH3 domains. Results obtained by spectroscopy are diagnostic and directly correlated for what is seen by direct observation using EM. By these criteria the SPC-SH3 domain form do not aggregate while PI3-SH3 forms ordered amyloid fibrils. The use of spectroscopic approaches in the study of amyloid diseases should help to find key structural/sequential features determinant for polymerisation.
